
'-'" - OPY(
0)

co AD
I-

N
TECHNICAL REPORT ARCCB-TR-90001

WIDE RANGE STRESS INTENSITY

FACTOR AND CRA CK-MOUTH-OPENING

DISPLACEMENT EXPRESSIONS SUITABLE

FOR SHORT CRACK FRACTURE TESTING

WITH ARC BEND-CHORD SUPPORT SAMPLES

J. A. KAPP DTIC
S ELECTE

FEB23 190D

JANUARY 1990

US ARMY ARMAMENT RESEARCH,
DEVELOPMENT AND ENGINEERING CENTER

CLOSE COMBAT ARMAMENTS CENTER
BENiT LABORATORIES

WATERVLIET, N.Y. 12189-4050

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

90 02 22 006



DISCLAIMER

The findings in this report are not to be construed as an official

Department of the Army position unless so designated by other authorized

documents.

The use of trade name(s) and/or manufacturer(s) does not constitute

an official indorsement or approval.

DESTRUCTION NOTICE

For classified documents, follow the procedures in DoD 5200.22-M,

Industrial Security Manual, Section 11-19 or DoD 5200.l-R, Information

Security Program Regulation, Chapter IX.

For unclassified, limited documents, destroy by any method that will

prevent disclosure of contents or reconstruction of the document.

For unclassified, unlimited documents, destroy when the report is

no longer needed. Do not return it to the originator.



SECURITY CLASSIFICATION OF THIS PAGE 'When Datea Entered)

REPORT DOCUMENTATION PAGE READ INSTRUCTIONS
BEFORE COMPLETLNG FORM

1. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

ARCCB-TR-90001

4. TITLE (ad Subtitle) S. TYPE OF REPORT & PERIOD COVERED

WIDE RANGE STRESS INTENSITY FACTOR AND CRACK-
MOUTH-OPENING DISPLACEMENT EXPRESSIONS SUITABLE Final

FOR SHCRT CRACK FRACTURE TESTING WITH ARC BEND- 6. PERFORMING ORG. REPORT NUMBER

CHORD SUPPORT S-14PLES
7. AUTHOR(*) S. CONTRACT OR GRANT NUMBER(@)

J. A. Kapp

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK
AREA & WORK UNIT NUMBERS

U.S. Army ARDEC AMCMS No. 6111.02.H610.011
Benet Laboratories, SMCAR-CCB-TL PRON No. 1A82Z8CANMSC
Watervliet, NY 12189-4050

I. CONTROLLING O0FICE NAME AND ADDRESS 12. REPORT DATE

U.S. Army ARDEC January 1990
Close Combat Armaments Center 13. NUMBER OF PAGES
Picatinny Arsenal, NJ 07806-5COC 13

14 mONITORING AGENCY NAME , ADDRESS0I1 different fromn Controlling Office) IS. SECURITY CLASS. (of :hie report)

UNCLAS S IFIED

IS&. DECLASSIFICATION/DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

Submitted to International Journal of Fracture.

19. KEY WORDS (Continue on revere. sida If neceaary end Identify by block number)

Wide Range Expressions
Fracture Mechanics
Fracture Testing
Fracture Specimens

20. 4SR Cr Coaf tue reowro eit ft nt .uw vW mr tdentmtfr by block nimbew)

, The correct short crack limit solutions :or both the stress intensity factor
and the crack-mouth-opening displacement are derived for the arc bend-chord
support specimen. The short crack limit, along with the deep crack limit, is
used to develop wide range interpolating polynomials to estimate the stress
intensity factor and crack-mouth-opening displacement over a wide range of
possible specimen configurations and crack lengths. The polynomials are devel- -..

oped such that the limit for short cracks is the most accurate. More accurate

(CONT'D ON REVERSE)

DO Ij 14n EDITION Of IOV 6S1I OBSOLETE UNCLASSIFIED

SECURITY CLASSIFICATION OF TNIS PAGE ,Whw Date Entered)



SECURITY CI.ASSIFICATION OF THIS PAGEwhan Data Entotd)

20. ABSTRACT (Cont'd)

ex.pressions can be found elsewhere for crack lengths and specimen

geometries mere co=,only used in fracture toughness determination or
fatigue crack propagation.

! (

UNCLASSIFIED
SECUITy CL.ASSIFICATION OF 'mIS P&aGEw en Date Entered)



TABLE OF CONTENTS

Page

INTRODUCTION ............................................................... 1

ANALYSIS ................................................................... 1

CONCLUSIONS ................................................................ 5

REFERENCES ................................................................. 7

TABLES

I. COMPARISON OF NORMALIZED STRESS INTENSITY
FACTORS FOR SiW = 4 ...................................................... 8

II. COMPARISON OF NORMALIZED STRESS INTENSITY
FACTORS FOR S/W = 3 ...................................................... 9

::i. COMPARISON OF NORMALIZED CRACK-MOUTH-OPENING
DISPLACEMENTS FOR SiW = . ............................................ 10

:V. COMPARISON OF NORMALIZED CRACK-MOUTH-OPENING
DISPLACEMENTS FOR S/W = 3 ............................................ '-

LIST OF ILLUSTRATIONS

1. Schematic of the arc bend-chord support specimen ...................... 12

AOOSSSIlOn Tor

N4TIS G A&I

DTIC g;AB 13
U.jjrnounced

By

Q DistributiOl/
'9 .~ vallability Codes

C It -1 and/or

Diet Pe Sp al'4-I~i



INTRODUCTION

The arc bend-chord support sample has been proposed for standardization

with ASTM (ref 1). This specimen is an arc-shaped specimen loaded in three-

point bending with the support loads resting on a chordal cut of a cylinder.

Figure I is a schematic of the arc bend-chord support specimen. The stress

intensity factor, crack-mouth-opening displacement, and load-line displacement

have been developed for this specimen (ref 2). Wide range expressions for the

stress intensity factor and crack-mouth-opening displacement have also been

developed (ref 2). These expressions are valid in the range of a/W > 0.2,

however, this restriction is not an inconvenience when performing fracture

toughness or fatigue crack propagation tests.

A group within ASTM's committee E-24 has been formed to study the behavior

of short cracks. One of the specimens being considered is the arc bend-chord

support sample, since many of the components tested are tubular products. To

use the arc bend-chord support sample for short crack testing, a new wide range

e oression 4s necessary that is applicable for short crack lengths for both the

stress intensity factor and for the crack-mouth-opening displacement.

ANALYSIS

To develop the short crack limits for the stress intensity factor and the

crack-mouth-opening displacement for any two-dimensional crack problem, the

Aigglesworth stress intensity factor solution (ref 3) and the Paris application

of Castigliano's theorem (ref 4) are used. For the stress intensity factor, the

7mit -s

lim K = 1.12 aV i
a-O



where K is the stress intensity factor, a is the crack length, and a is the

value of t'e normal stress at the surface. For crack-mouth-opening displace-

ment, the 1imit is

lim A = 5.83 (2)
a-O

where a is the crack-mouth-opening displacement, E' is the elastic modulus (E

for plane-stress or E/(1-v2) for plane-strain, and i) is PRosson's ratio.

Similarly, the limits for the stress intensity factor and crack-mouth-oPening

o splacement can also be determined for the case of tl'e crack aaprcacr 3

through-thickness crack. The limit for the stress intensity factor 's rom

Wi'son's solution (ref 5), and the crack-mouth-opening displacement can be

determined using the Paris treatment (ref 4) once again.

The deep crack limit for the stress intensity factor is

lim K = 3.975 - M 3)

a-W (W-a)3 /2

where M is the applied moment per unit thickness (B) and W is the specimen

width. 'or the crack-mouth-opening displacement, the deep crack limit is

lim A = 15.8 - ()
a-W E' (W-a)l

Using Eqs. (1), (2), (3), and (4) and some algebraic manipulation, we

deve.op nondimensional forms of both the stress intensity factor and the crack-

mouth-opening displacements that approach both the short crack and the deed

crack limits correctly. The numerically determined stress intensity factor and

crack-mouth-opening displacement can then be normalized using the proper forms

developed and interpolating polynomials can be fitted to the numerical solutions

as well as the limiting solutions.
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For the arc bend specimen, there are two other variables that must be

accounted for. These are the span (S) used and the effects of curvature as

represented by the radius ratio (rl/r 2 ). As shown in Reference 2, the effects

of span cannot be accounted for simply with the limiting solutions. Therefore,

two separate expressions were fit to the two proposed standard spans (span to

width ratio (S/W) of 3 or 4) for either the stress intensity factor or the

crack-mouth-opening displacement. The same expressions are also used in this

report. The curvature effect is accounted for by the short crack limit solu-

tions that involve the surface stress. At mid-span, the arc bend specimen is

subjected to loading such that the surface stress is a pure bending stress. The

shear stress at the surface is zero. Using the solutions for a curved beam sub-

jected to pure bending, this surface stress can be determined as (ref 6)

P(S/W)(1-r1,'r2)2(1-r12/r22-21n(r2/rl))

- -------------------------- (5)
BW((1-r1,/r2 )2-4r 1 2/r2 2ln2(r 2/rl))

Using Eqs. (1), (3), and (5), the normalized form of the stress intensity

factor that has finite limits as the crack approaches both zero length and

through-thickness is

KBYiW(l-a/'W)3/2
L - [1 + g(rl/r2)h(a/W]f(a/W) (6)

P (S/W)'/a'W

The numerical stress intensity factor results from Reference 2, the limit

solutions outlined above, and the numerical results for the three-point bend

specimen (rl/r 2 = 1) (ref 7) are presented in Table I for S/W = 4. Table !I

gives the stress intensity factor results from Reference 2 and the above limit

solutions for S/W = 3. The normalized solutions in the tables lead to the

right-hand side of Eq. (6). The strongest effect of rl/r 2 occurs when the

cracks are very short. This curvature effect decays to zero when the cracks
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approach through-thickness. Decreasing r1/r2 from the three-point bend case,

(r,/r2 = 1), has a tendency to increase the stress intensity factor a relatively

small amount that increases as the specimen becomes more curved. Therefore, the

form of the interpolating polynomials (Eq. (6)) was chosen. With this form,

g(rl/r 2 ) was fit to account for the maximum curvature effect (a/W=O), and h(a/W)

had a maximum value of one at a/W = 0 and a minimum value of zero at a/W = 1.

Both of these polynomials can be obtained by least squares fitting to the data

reported in the tables.

For S/W = 4, the three interpolating polynomials are

g(rl/r2) = 0.832 - 1.376 r1/r2 + 0.544(rj/r 2 )
2

h(a/W) = 1.003 - 4.680 a/W + 9.953(a/W)2 - 10.030(a/W)3 + 3.754(a/W) 4

f(a/'W) = 2.978 - 8.240 a/W + 17.157(a/W) 2  
- 18.073(a/W)3  + 7.174(a/W) 4  (7)

For SiW = 3, the interpolating polynomials are

g(rl/r 2 ) = 1.035 - 3.238 rl1/r2 + 2.938(rl/r 2 )2 - 1.005(rl/r 2 )
3

h(a/W) = 1.000 - 6.740 a/W + 22.224(a/W) 2 
- 36.295(a/W)3

+ 27.630(a/W) 4 - 7.820(a/W)s

f(a/W) = 2.978 - 10.366 a/W + 32.196(a/W)2  59.232(aW)3

" 55.797(a/W) 4  - 20.378(a/W) s  (8)

The accuracy of these polynomials is as follows: for S/W = 4, better than

0.1 percent at a/W = 0 and : 0.9 percent for any a/W and 1 < r1/r2 < 0.6; for

S/W = 3, better than 0.1 percent at a/W = 0 and : 3.2 percent for any a/W and

1 < rj/r 2 < 0.4, and 1.2 percent for any a/W and 1 < r1 'r2 < 0.6.

=or crack-mouth-opening displacement, the normalized form that has finite

'imits as the crack approaches both zero length and through-thickness length is

E()1a/W) =[ + g(rl/r2)h(a/W)]f(a/W) (9)
PTS/W) (a/W) 1
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The numerical results from References 2 and 7 and the limits are normalized

in accordance with Eq. (9) and are listed in Table III for S/W = 4, and the

results from Reference 2 along with the limits for S/W = 3 are listed in Table

IV. For the same reasons as presented above for the stress intensity factor

solutions, the form of Eq. (9) was chosen. The interpolating polynomials for

the crack-mouth-opening displacement were determined in the same manner as the

stress intensity factor. They are

For SiW = 4:

g(rl,'r2 ) = 0.832 - 1.376 rl/r 2 + 0.544(rl/r 2 )
2

h(a/W) = 1.007 - 3.249 a/W + 4.517(a/W)2 - 2.275(a/W)3

f(a/W) = 8.747 - 25.576 a/W + 66.722(a/W)z - 93.010(a/W)3

+ 63.579(a/W) 4 - :6.509(a/W) s  (10)

For S/W = 3:

9,rl/r2) = 1.035 - 3.238 rl/r 2 + 2.938(r1 /r2 )
2 - 1.005(rl/r 2 )

3

h(a/W) = 1.001 - 4.974 a/W + 10.425(a/W) 2 - 8.340(a/W)3 + 1.885(a/W) 4

f(a/W) = 8.741 - 28.100 a/W + 75.198(a/W)2 - 93.686(a/W)3 + 41.800(a/W)4

The accuracy of these polynomials is as follows: for S/W = 4, better than

0.1 percent at a/W = 0 and : 1.5 percent for any a/W and 1 rl/r2 < 0.6; for

SiW = 3, better than : 0.1 percent at a/W = 0 and : 3.8 percent for any a/W and

I < rl/r 2  ' 0.4.

CONCLUSIONS

The short crack limit solutions for the stress intensity factor and crack-

outh-opening displacement for the arc bend-chord support specimen have been

derived. This limt, along with the deep crack limit and the numerically dete.'-

mined values of these same parameters, was used to develop interpolating
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polynomials for a wide range of specimen configurations. These polynomials were

specifically developed to ensure that the short crack limits were as accurate as

possible. Interpolating polynomials for this specimen for crack lengths custom-

arily used for fracture toughness testing and fatigue crack growth testing can

be found elsewhere.
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Figure 1. Schematic of the arc bend-chord support specimen
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